In mammalian cells, cytoplasmic protein aggregates generally coalesce to form aggresomal particles. Recent studies indicate that prion-infected cells produce prion protein (PrP) aggresomes, and that such aggregates may be present in the brain of infected mice. The molecular activity of PrP aggresomes has not been fully investigated. We report that PrP aggresomes initiate a cell stress response by activating the RNA-dependent protein kinase (PKR). Activated PKR phosphorylates the translation initiation factor eIF2α, resulting in protein synthesis shut-off. However, other components of the stress response, including the assembly of poly(A) + RNA-containing stress granules and the synthesis of heat shock protein 70, are repressed. In situ hybridization experiments and affinity chromatography on oligo(dT)-cellulose showed that PrP aggresomes bind poly(A) + RNA, and are therefore poly(A) + ribonucleoprotein complexes. These findings support a model in which PrP aggresomes send neuronal cells into untimely demise by modifying the cell stress response, and by inducing the aggregation of poly(A) + RNA.
Introduction
Misfolded proteins are usually directed through chaperonemediated refolding pathways, or are degraded by the proteasome. Cells have also evolved a structure termed aggresome, where aggregated proteins may be sequestered. Aggresomes are juxtanuclear cytoplasmic inclusion bodies that form around the microtubule-organizing center or centrosome by way of dyneindirected retrograde transport of proteins on microtubule tracks [1, 2] . Aggregated forms of proteins, including mutant forms of cystic fibrosis transmembrane conductance regulator, superoxide dismutase, rhodopsin, T cell receptor α, and presenilin-1, have been shown to localize to aggresomes [2] . Aggresomes share both morphological and biochemical similarities with inclusion bodies that characterize common neurodegenerative diseases, including amyotrophic lateral sclerosis, Parkinson's disease, and Alzheimer's disease. In addition to the aggregated proteins, aggresomes contain ubiquitin, proteasomes, and heat shock proteins [3] . Prion diseases are rare fatal neurodegenerative disorders, which include Creutzfeldt-Jakob disease in humans, bovine spongiform encephalopathy (BSE) in cattle and scrapie in sheep. The molecular hallmark of these disorders is the accumulation of abnormal prion protein conformers (PrP Sc ) derived from normal cellular host prion protein (PrP C ) [4] . The cause of neurodegeneration in these disorders is not well understood, and there is much evidence that argues against the direct neurotoxicity of PrP Sc [5] [6] [7] . Some attention has recently turned toward exploring mistrafficking and accumulation of PrP in the cytoplasm. Inappropriate expression of PrP in the cytosol of cells led to the formation of neurotoxic aggregates insoluble in non-ionic detergents and partially resistant to proteinase K [8, 9] . We recently determined the molecular morphology of these aggregates and showed that they form aggresomes [10] . The pathways by which PrP appears in the cytosol may involve retrotranslocation of misfolded PrP from the ER for degradation by proteasomes [8] , or inefficient signal-peptide-mediated translocation into the endoplasmic reticulum (ER) [11, 12] . ER stress also prevents nascent PrP molecules from being translocated into the ER [13, 14] . Interestingly, prion-infected N2aPD88 and GT-1 cells displayed cytoplasmic aggresomes upon mild impairment of the proteasome [15] . Furthermore, evidence of aggresomal structures was also found in the brain of prion-infected mice [15] . Thus, prions may facilitate mistrafficking of PrP in the cytosol.
Clearly, any role of PrP aggresomes in prion diseases cannot be delineated without further investigating their impact on cell physiology. We have investigated if PrP aggresomes induce a cellular stress by determining if cells producing aggresomes exhibit a spontaneous stress response. The cell stress response is characterized by three mechanisms. First, one of four kinases (RNA-dependent protein kinase PKR, PKR-like endoplasmic reticulum kinase PERK, heme-regulated inhibitor HRI, or general control non-derepressible-2 GCN2) is activated and phosphorylates the translation initiation factor eIF2α at Ser51 [16] . This phosphorylation converts eIF2α from a substrate to a competitive inhibitor of eIF2B, the guanine nucleotide exchange factor responsible for regenerating eIF2-GTP. This results in a limited availability of the ternary complex eIF2-GTPtRNAMet for the assembly of the 43S pre-initiation complex, and thus a reduced rate of translation initiation [17] . Second, large cytoplasmic aggregates of poly(A) + RNA termed stress granules (SGs) containing stalled translation initiation complexes are assembled in the cytoplasm [18] . The sequestration of these components may help cells to recover post-stress by replenishing the cellular pool of mRNA without the need for new transcription. Third, cells induce the synthesis of heat shock proteins (Hsps) that participate in protein refolding, elimination of misfolded proteins, and inhibition of apoptosis [19, 20] .
Here, we show that PrP aggresomes induce a cellular stress response characterized by the activation of PKR, the phosphorylation of eIF2α and a remarkable reduction in protein synthesis. However, aggresomes inhibit the assembly of SGs and the synthesis of Hsp70. This inhibition results from the coaggregation of poly(A) + RNA with PrP aggregates. These findings indicate for the first time that PrP aggresomes induce a deficient cell stress response and display mRNA aggregation activity.
Materials and methods

Antibodies, clones, and reagents
Primary antibodies used were monoclonal anti-EGFP (clone B-2, SantaCruz Biotechnology), polyclonal anti-eIF2α (FL-135, SantaCruz Biotechnology), polyclonal anti-phospho-eIF2α (Cell Signaling), anti-eIF4E (clone P-2, SantaCruz, Biotechnology), anti-Hsp70 (clone C92F3A-5, Stressgen), antiHuR (clone 3A2, SantaCruz Biotechnology), anti-PKR (clone B-10, SantaCruz Biotechnology), anti-phospho PKR Thr-446 (clone E120, Abcam), anti-prion protein (clone 3F4, Chemicon), anti-TIAR (clone 6, Pharmingen). Secondary antibodies were alexa Fluor 633 and 568 F(ab′)2 fragment of goat anti-mouse IgG (Molecular Probes), peroxidase-linked anti-mouse and anti-rabbit IgG from sheep (Amersham Biosciences).
Cloning of EGFP and CyPrP EGFP in pCEP4β (Invitrogen) was described previously [10, 21] . The CyPrP sequence is from human origin. Translation initiation factor eIF2α was amplified from human cDNAs kindly provided by Dr Jana Stankova (University of Sherbrooke, QC Canada). The PCR product was introduced in the HindIII and BamHI sites of pCEP4β. Mutation S51D was created by the QuickChange procedure using primers eIF2α-forward 5′-gattcttcttagtgaattagacagaaggcgtatccgttc-3′ and eIF2α-reverse 5′-gaacggatacgccttctgtctaattcactaagaagaatc-3′. The mutant construct was sequenced and its expression verified by Western blotting. The construct encoding GFP-250 was kindly provided by Dr Elisabeth Sztul (University of Alabama at Birmingham, AL USA). All reagents were obtained from Sigma-Aldrich, unless otherwise stated. PKR inhibitor and its inactive analog were purchased from Calbiochem.
Cell culture, transfections, and treatment
Mouse N2a neuroblastoma, human embryonic kidney 293T, human cervical Hela, and human neuroblastoma SK-N-SH were maintained in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum (Wisent). Human neuroblastoma BE(2)M17 cells were maintained in Optimem plus 10% fetal bovine serum (Invitrogen). Transfections were carried out using lipofectamine according to the manufacturer's protocol (Invitrogen).
Cells were treated with different stress treatments as follows: 0.5 mM sodium arsenite for 30 min; heat shock, 42°C for 1 h, 1 μM thapsigargin, 2 mM dithiotreitol, for 1 h; 1 μg/ml polyinosinic-polycytidylic acid [poly(I:C)] with lipofectamine for 1 h; Dulbecco's modified Eagle's medium without leucine in the presence of 1 μM MG132. For induction of Hsp70, cells were allowed to recover at 37°C for the indicated period of time.
Apoptosis assays
Cells were transiently transfected with empty vector, EGFP or CyPrP EGFP . After 24 h, cells were incubated in the presence of sodium arsenite at the indicated concentrations for 30 min. Arsenite was removed and cells were returned at 37°C for 8 h. Cells were then fixed and processed for nuclei staining as previously described [10] . Apoptosis was measured by counting cells displaying apoptotic nuclei versus total number of cells.
Immunofluorescence, in situ fluorescence staining and fluorescence microscopy
Cells grown on coverslips were fixed and processed for immunofluorescence as previously described [10] . Primary antibodies dilutions were as follows: eIF2α (1/100), phospho-eIF2α (1/100), eIF4E (1/100), HuR (1/1500), Hsp70 (1/50), G3BP (1/1000). Secondary antibodies were diluted 1/1000. For in situ staining, permeabilized cells were incubated for 10 min with 2× SSC, and hybridized with 1 nM of an end-labelled biotinylated oligo-dT (50 nucleotide, IDT) overnight at 40°C. In control experiments, permeabilized cells were incubated for 10 min with 3 N NaOH, and washed three times for 5 min with PBS. After washing twice with 2× SSC and once with 0.5× SSC, cells were equilibrated in 1× PBS containing 1 mg/ml BSA. Cells were incubated with 2 μg/ml Alexa Fluor 633-labelled strepavidin (Molecular Probes) in 1× PBS containing 1 mg/ml BSA. After 1 h incubation, cells were washed and mounted as previously described [10] .
For epifluorescence analysis, cells were examined with an Eclipse TE2000-E visible/epifluorescence inverted microscope (Nikon Corporation, Japan) equipped with band pass filters for fluorescence of Hoechst (Ex. D340/40: Em. D420), GFP (Ex. D450/40: Em. D500/50) and tetramethylrhodamine isothiocyanate (TRITC) (Ex. D528/25: Em. D590/60) (Nikon Corporation). Photomicrographs of 1344 × 1024 pixels were captured using either 60× or 100× oil immersion objectives and Orca cooled color digital camera (Hamamatsu Photonics, Japan). Images were processed using NIS Elements AR software (Nikon Corporation). Within the same figure, all pictures were taken with the same exposure time.
Confocal and image analysis
Cells were examined with a scanning confocal microscope (FV1000, Olympus, Tokyo, Japan) coupled to an inverted microscope with a 63× oil immersion objective (Olympus). Specimens were laser-excited at 488 nm (40 mWargon laser) and 633 nm (helium-neon laser). In order to avoid cross-talk between the emitted EGFP and Alexa Fluor 633 fluorescences were collected sequentially at wavelengths 525-550 and N590 nm respectively. Serial horizontal optical sections of 512 × 512 pixels with 2 times line averaging were taken at 0.11 μm intervals through the entire thickness of the cell (optical resolution: lateral -0.18 μm; axial -0.25 μm). Images were acquired during the same day, typically from 5 cells of similar size from each experimental condition using identical settings of the instrument. For illustration purposes images were pseudocolored according to their original fluorochromes, merged (FluoView software, Olympus), then cropped and assembled (Adobe Photoshop software, Adobe Systems, Mountain View, CA).
Pull-down assays of PrP aggresomes with oligo(dT)-cellulose
Cells (10 6 in 6-well plates) were rinsed twice with 2 ml cold PBS, and lysed with 240 μl buffer A [50 mM Tris-HCl, pH 7.5; 150 mM KCl; 1% NP-40; 1 mM EDTA; 0.5 mM DTT; 1 mini EDTA-free protease inhibitor tablet (Roche) per 10 ml] for 15 min on ice. The lysate was centrifuged at 10,000 ×g for 10 min at 4°C. Forty microliters were kept aside (total input), and the remaining 200 μl were incubated for 5 min at room temperature with 10 mg of oligo(dT)-cellulose (GE Healthcare) that had been previously pre-equilibrated in buffer A. After centrifugation at 2000 ×g for 1 min, supernatant containing unbound proteins was transferred into a new tube, and the resin was washed twice with 1 ml of buffer A. The beads were then washed three times with 1 ml of buffer A, and the bound proteins eluted by incubating for 5 min at 95°C in SDS-PAGE sample buffer. For the oligonucleotide polymers competition experiment, either the oligo (dT)-cellulose was pre-incubated with 5 mg polyadenylic acid (polyA, Sigma) prior to the addition of cell lysates, or 5 mg polyuridylic acid (polyU, Sigma) was , with an antibody recognizing phosphorylated eIF2α at Ser51 (red). Green (left panels) and red channels (middle panels) are shown separately, and merged with nuclei stained with Hoechst (blue; right panels). Scale bar: 10 μm. Original magnification ×100. incubated with the cell lysates prior to pull-down with oligo(dT)-cellulose. In control experiments, buffer A did not contain KCl. Pull-down of CyPrP EGFP or EGFP was analyzed by immunoblotting using anti-EGFP antibodies.
Metabolic labelling
10
6 cells were transfected either with the empty vector, EGFP or CyPrP EGFP and incubated for 24 h at 37°C. Cells were washed twice with PBS and incubated for 20 min in starvation media (DMEM without methionine and cysteine, Gibco). Cells were then pulsed with 25 μCi/ml 35 S labelling mix (Easy Tag Express protein labelling mix, NEG772, Perkin Elmer) for 1 h at 37°C. In control experiments, the translation inhibitor cycloheximide was added at 30 μg/ ml prior to starvation. After labelling, cells were washed twice with PBS, scraped, collected in 1 ml PBS and centrifuged for 5 min at 5000 rpm at 4°C. Pellets were lysed with 100 μl of buffer B [10 mM Tris pH 8.0, 100 mM NaCl, 0,5% Nonidet-P40, 0,5% sodium deoxycholate and 1 mini EDTA-free protease inhibitor tablet (Roche) per 10 ml]. Proteins were dosed with BCA protein assay (Pierce) and 50 μg of total proteins were loaded on 10% polyacrylamide denaturing gels. After electrophoresis, gels were stained with Coomassie blue and destained overnight. Gels were dried and cpm and total counts were measured over a 1 h exposure time on an Instant Imager (Packard Instruments). Gels were then exposed 24 h to a Phosphor screen (GE Healthcare) and scanned on a Storm 860 Imager (Molecular Dynamics).
Immunoblotting
For analysis of protein by Western blotting, cells were lysed on ice in lysis buffer (1% NP-40, 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 2 mM EDTA), clarified by centrifugation at 3000 ×g for 5 min in a microcentrifuge at 4°C, separated by SDS-PAGE, transferred to PVDF (Millipore) membranes, and blotted with respective primary and secondary antibodies. Chemiluminescence was detected using the ECL reagents (Perkin Elmer). Membranes were stripped by incubating 30 min in 0.2 N NaOH, washed, blocked, and probed again as described above. Dilutions of primary antibodies were as follows: anti-EGFP (1/ 500), anti-eIF2α /500, anti-phospho-eIF2α (1/500), anti-Hsp70 (1/50), anti-PKR (1/500), and anti-phospho-PKR-Thr446 (1/1000). Secondary antibodies were diluted 1/5000.
Results
PrP aggresomes induce a translational arrest and the phosphorylation of eIF2α
In response to diverse environmental stress conditions, eukaryotic cells reduce their protein synthesis in order to conserve anabolic energy for the repair of stress-induced damage. We determined if PrP aggresomes reproduce a cellular stress and induce a translational arrest. In order to reproduce the formation of PrP aggresomes in the absence of infectious prions or any metabolic inhibitors, N2a cells were transiently transfected with an EGFP-tagged cytoplasmic PrP construct termed CyPrP EGFP that does not contain the NH 2 -and COOH-terminal signal peptides of PrP C [10] . At 24 h after transfection, total protein production was analyzed by metabolic labelling. Fig. 1A shows that efficient translation is observed in mock-transfected cells (lane 1). In contrast, the level of protein translation was considerably reduced in CyPrP EGFP -expressing cells (lane 3). Such inhibition did not result from the overexpression of a cytoplasmic recombinant protein as transfectants expressing EGFP had a translation efficiency similar to mock-transfected cells (compare lanes 1 and 2) . PrP EGFP did not affect protein translation (not shown). Inhibition of translation was not specific to N2a cells since a significant decrease in protein translation was also observed in human embryonic kidney 293T cells (lanes 5-7). The translational inhibitor cycloheximide almost completely abolished protein synthesis (lanes 4 and 8). Coomassie staining confirmed that variations in levels of 35 S-labelled proteins did not result from variations in protein loading (Fig. 1A) . Cpm counts of 35 S-labelled proteins confirmed that CyPrP EGFP reduced protein synthesis by more than 70% (Fig. 1B) .
A key determinant of stress-induced translational arrest is the phosphorylation of eIF2α at residue Ser51 that prevents the assembly of the 43S pre-initiation complex [17] . Therefore, we monitored the phosphorylation of eIF2α with an antibody that detects endogenous eIF2α only when phosphorylated at Ser51. Fig. 2A shows that undetectable levels of phospho-eIF2α were present in cells transfected with empty vector (lane 1). In contrast, significant levels of phospho-eIF2α were detected in CyPrP EGFPtransfected cells (lane 3). The phosphorylation of eIF2α did not result from the overexpression of a recombinant cytoplasmic protein since eIF2α was not phosphorylated in transfectants expressing EGFP (lane 2). Maximum level of phospho-eIF2α was achieved by treating cells with a sublethal dose of arsenite to induce an oxidative stress [22] (lane 4). To verify that variation in phospho-eIF2α was not a consequence of a variation in total protein levels, immunoblots were stripped and probed with an antibody that recognizes both phosphorylated and non-phosphorylated forms of eIF2α. Levels of total eIF2α were similar in all conditions (Fig. 2A) . The phosphorylation of eIF2α was confirmed by immunofluorescence. Phospho-eIF2α was detected in cells expressing CyPrP EGFP , whilst no signal was detected in untransfected and EGFP-transfected cells (Fig 2B) . Together, these results strongly suggest that PrP aggresomes inhibit protein synthesis through phosphorylation of eIF2α at Ser51.
PKR mediates PrP aggresomes-induced phosphorylation of eIF2α
Once we had established that eIF2α was phosphorylated, we sought to determine which eIF2α kinase is activated in cells with PrP aggresomes. Four eIF2α kinases have been characterized that recognize a different set of stress conditions [16] . Hemeregulated inhibitor HRI is activated by heat and oxidative stresses; RNA-dependent protein kinase PKR is activated by double-stranded RNAs and participates in an anti-viral defence mechanism that is mediated by interferon; general control nonderepressible-2 GCN2 is induced during amino acid deprivation and upon inhibition of proteasomes; and PKR-like endoplasmic reticulum kinase PERK is activated in response to misfolded protein in the ER (ER stress). Different inhibitors were used and only a PKR inhibitor efficiently prevented the phosphorylation of eIF2α (not shown). Fig. 3A shows a representative experiment using a specific ATP-binding site directed inhibitor of PKR that effectively inhibits PKR activation [23] . Increasing the concentration of the inhibitor resulted in the complete inhibition of the phosphorylation of eIF2α (Fig. 3A, lanes 3-6) . An inactive structural analog of the inhibitor that serves as a negative control did not prevent the phosphorylation of eIF2α (Fig. 3A, lanes 7-10) . The levels of total eIF2α were similar in all experimental conditions (Fig. 3A) .
Activation of PKR leads to critical autophosphorylation at multiple sites, including Thr446 in the activation loop [24] . The activation status of PKR was determined by Western blot analysis of whole cell lysates using specific antibodies directed against phospho-Thr446. Fig. 3A shows that PKR is phosphorylated in cells expressing CyPrP EGFP (lanes 3 and 7) . In contrast, PKR is not phosphorylated in cells transfected with empty vector (lane 1) or cells expressing EGFP (lane 2). The reduction in levels of phospho-PKR confirmed the efficacy of the PKR inhibitor (lanes 3-6) , whilst the inactive structural analog had no influence on the phosphorylation of PKR (lanes 7-10). Levels of total PKR were similar in all conditions. We determined if CyPrP EGFP was as efficient as the potent PKR activator polyinosinic-polycytidylic acid or poly(I:C), a synthetic double-stranded polyribonucleotide used to mimic a viral infection [25] . Levels of phospho-PKR were similar in cells expressing CyPrP EGFP and cells treated with poly(I:C) (Fig. 3B ). These results demonstrate that PrP aggresomes efficiently activate the eIF2α kinase PKR by inducing its autophosphorylation at Thr446, and confirm our initial hypothesis that PrP aggresomes induce a stress response.
PrP aggregsomes prevent the formation of stress granules (SGs)
Stress-induced phosphorylation of eIF2α is necessary and sufficient for SGs assembly [26] . Therefore, we determined if SGs are present in cells producing PrP aggresomes. The formation of SGs was monitored with antibodies directed against TIAR, a protein that co-aggregates with poly(A) + RNA at mammalian SGs [26] . Fig. 4A shows that TIAR is localized in the cytoplasm and the nucleus of N2a cells. Unexpectedly, TIAR did not relocalize to SGs in cells expressing CyPrP EGFP .
In addition to TIAR, other protein markers of SGs including HuR [27] , and eIF4E [28] , did not accumulate in cytoplasmic granules (Fig. 4A) . HuR remained mainly located in the nucleus, and eIF4E in the cytoplasm. In control experiments, a sublethal dose of arsenite induced the relocalization of TIAR, HuR, and eIF4E to SGs (Fig. 4A) .
These observations indicate that phospho-eIF2α is unable to induce the assembly of SGs in N2a cells with PrP aggresomes. Alternatively, the phosphorylation of eIF2α may not be sufficient for SGs assembly, in contradiction with previous studies [26] . To address this question, cells were treated with stresses that activate the four eIF2α kinases. HRI was activated with arsenite [29] ; PKR was activated with poly(I:C) [25] ; PERK was activated with thapsigargin [30] ; and GCN2 was activated in the absence of leucine and in the presence of the proteasome inhibitor MG132 [31] . All stress conditions resulted in the formation of SGs in untransfected cells (Fig. 4B) . In contrast, cells expressing CyPrP EGFP did not assemble SGs after these treatments. EGFP, used as a control cytoplasmic protein, did not prevent the assembly of SGs (Fig. 4B) . Expression of wild-type PrP did not prevent the assembly of SGs (Fig. 4C) . It was of interest to test if the inhibition of SGs is specific to PrP aggresomes. To address this point, we expressed a cytosolic chimera termed GFP-250. This chimeric polypeptide composed of the entire soluble protein GFP fused at its COOH terminus to a 250-amino acid fragment of the cytosolic protein, p115, has been used to determine the dynamics of aggresomes formation [32] . GFP-250 aggresomes did not prevent the formation of SGs (Fig 4D) . We tested if PrP aggresomes could inhibit the formation of SGs in neuronal cells different from N2a. Indeed, PrP aggresomes prevented the formation of SGs in neuroblastoma BE(2)M17 and SK-N-SH cells (Fig. 4E ). All together, these results indicate that the inability to assemble SGs is a robust and specific characteristic of cells producing cytoplasmic PrP aggregates.
In contrast to Hela and Cos-7 cells generally used to investigate the assembly of SGs [33] , N2a cells have never been used for such studies. Thus, in order to determine if PrP aggresomes could prevent the assembly of SGs in well established . After 24 h, cells were lysed and processed for immunoblotting using an antibody recognizing eIF2α phosphorylated at Ser51 (P-eIF2α), an antibody recognizing both phosphorylated and non-phosphorylated eIF2α, an antibody recognizing PKR phosphorylated at Thr446 (P-PKR), and an antibody recognizing both phosphorylated and non-phosphorylated PKR, respectively. (B) Cells were either transiently transfected with empty vector, EGFP, and CyPrP EGFP , or were non-transfected and treated with the PKR activator poly(I:C). After cell lysis, proteins were separated in a 10% SDS-PAGE and proteins analyzed by immunoblotting using an antibody recognizing phosphorylated PKR, or an antibody recognizing both phosphorylated and nonphosphorylated PKR. The position of the molecular mass markers is indicated on the right. cellular models of SGs formation, we also tested the effect of CyPrP EGFP expression in Hela cells (Fig. 4E) . As expected, treatment of cells with arsenite, dithiotreitol (ER stress), and poly (I:C) resulted in the assembly of SGs in untransfected cells. Similarly to N2a cells, expression of CyPrP EGFP prevented the formation of SGs in Hela cells. Interestingly, Hela cells did not produce typical juxtanuclear aggresomes, and PrP aggregates remained generally dispersed throughout the cytoplasm (Fig. 4E) . We can conclude that coalescence of dispersed PrP aggregates into a typical aggresomal structure at the centrosome is not necessary for the inhibition of SGs assembly.
The observation that all stress conditions do not lead to the formation of SGs strongly suggest that PrP aggresomes interfere with a common event downstream of eIF2α phosphorylation. The validity of this hypothesis was tested by expressing the S51D phosphomimetic eIF2α mutant. Transfection of this mutant normally results in the constitutive assembly of SGs [26] . N2a cells were co-transfected with either vector alone and mutant eIF2α, or CyPrP EGFP and mutant eIF2α (Fig. 5) . Cells expressing mutant eIF2α formed TIAR-positive SGs, whereas cells coexpressing mutant eIF2α and CyPrP EGFP did not assemble SGs. As expected, cells transfected with wild-type eIF2α did not assemble SGs, and the distribution of TIAR remained diffuse in the cytoplasm and the nucleus. These observations confirmed that CyPrP EGFP prevents the assembly of SGs downstream of the phosphorylation of eIF2α.
mRNA clustering with PrP aggresomes
In mammalian cells, the majority of all poly(A) + mRNA is recruited to SGs [26] . We reasoned that the absence of SGs assembly might result from the co-aggregation of mRNAs with PrP aggresomes. Indeed, clustering of mRNAs with PrP aggresomes would physically prevent their recruitment to SGs, thus preventing the formation of these RNA granules. Furthermore, such mechanism would explain the incapacity of phosphomimetic eIF2α to trigger the assembly of SGs as observed in Fig. 5 . We used in situ hybridization with an oligo-dT probe and confocal microscopy to determine the subcellular distribution of poly(A) + RNA. In untransfected cells, poly(A) + RNA displayed a punctuate and diffuse staining and was distributed between the nucleus and the cytoplasm (Fig 6A) . In contrast, poly(A) + RNA co-aggregated with PrP aggresomes in transfected cells. Merged confocal images show a high degree of co-localization between PrP aggresomes and poly(A) + . Higher magnification views confirmed that PrP aggresomes may represent poly(A) + ribonucleoprotein complexes (Fig. 6B) . Alkaline hydrolysis treatment of cells to eliminate RNAs prior to in situ hybridization confirmed the specificity of the oligo-dT probe (Fig 6A) . To validate that co-aggregation of mRNA with PrP aggresomes prevents the coalescence of mRNAs into SGs, cells were exposed to a sublethal concentration of arsenite. Fig. 6C shows that poly(A) + RNA accumulates in SGs in untransfected cells. However, poly(A) + RNA remained co-aggregated within PrP aggresomes following arsenite treatment. In control experiments, EGFP did not prevent the relocalization of poly(A) + RNA to SGs (Fig. 6C) . Furthermore, the aggresome-forming protein GFP-250 did not induce the co-aggregation of mRNAs and the formation of poly(A) + -containing SGs (Fig. 6D) . The mRNA clustering activity of PrP aggresomes was not restricted to N2a cells, and was also observed in BE(2)M17 and SK-N-SH cells (Fig. 6E) .
In poly(A) + RNA pull-down experiments designed to confirm the interaction between PrP aggresomes and poly(A) + , we examined the binding of CyPrP EGFP -poly(A) + RNA complexes to an oligo(dT)-cellulose resin. Cell lysates from transfectants expressing CyPrP EGFP or the control cytoplasmic protein EGFP were incubated with oligo(dT)-cellulose. In contrast to EGFP, CyPrP EGFP was recovered in the oligo(dT)-cellulose eluate fraction (Fig. 6F, compare lanes 6 and 12) . Three types of control experiments were performed to verify that CyPrP EGFP had bound to the oligo(dT)-cellulose in association with poly(A) + RNA. First, soluble poly(A) efficiently competed for the binding of CyPrP EGFP to the resin (Fig. 6F, compare lanes 3 and 7) . Second, addition of soluble poly(U) to cell lysates prior to pull-down prevented the binding of CyPrP EGFP to oligo(dT)-cellulose (Fig. 6F, compare lanes 4 and 8) . Third, in the absence of KCl which is required for poly(A) + RNA binding to oligo(dT)-cellulose, CyPrP EGFP did not bind to the resin (Fig. 6F , compare lanes 5 and 9). All together, these results indicate that cytoplasmic PrP aggregates purify on the oligo(dT)-cellulose column as ribonucleoprotein complexes.
We next asked if poly(A) + RNA clustered within PrP aggresomes is still associated with mRNA-binding complexes, including the CAP-binding complex and ribosomes. To address this question, we used immunofluorescence microscopy with antibodies directed against eIF4E. eIF4E interacts with the 7 methyl GTP cap structure of mRNAs, and allows the assembly of the multisubunit eIF4F complex [34] . The eIF4F complex then regulates the binding of mRNA to the ribosomal 43S preinitiation complex. The distribution of eIF4E was diffuse in the 5, 10) was collected, and the beads were washed extensively before the proteins were eluted (lanes 6-9, 12) . In control experiments, poly(A) was bound to the beads prior to pull-down (lanes 3, 7) , cell lysate was incubated in the presence of poly(U) (lanes 4, 8) , or cells were lysed in the absence of KCl (lanes 5, 9) . Detection of the proteins was by Western blotting using a monoclonal anti-EGFP antibody. The position of the molecular mass markers is indicated on the right. (G) N2a cells were either transiently transfected with CyPrP EGFP for 24 h, or treated with a sublethal dose of arsenite. Cells were processed for immunofluorescence using eIF4E or protein S6 antibodies. (A), (C-E) , (G), asterisks indicate the nucleus of transfected cells; scale bar: 10 μm; original magnification ×60. cytoplasm and was not perturbed by the presence of PrP aggresomes (Fig. 6G) . The absence of 43S pre-initiation complex within PrP aggresomes was confirmed with antibodies directed against 43S ribosomal protein S6. Like eIF4E, protein S6 did not co-aggregate with CyPrP EGFP (Fig. 6G) . The specificity of anti-eIF4E and anti-S6 antibodies was verified in control experiments in which relocation of both proteins into SGs was induced by treating cells with arsenite (Fig. 6G) . These results indicate that poly(A) + RNA co-aggregated with PrP aggresomes is not associated with the translational machinery.
PrP aggresomes inhibit the synthesis of Hsp70
The three major components of the cell stress response are the inhibition of protein translation, assembly of poly(A) + RNA in SGs, and synthesis of heat shock proteins (Hsps). Hsps are particularly important for the recovery from stress as they prevent protein aggregation, participate in refolding or elimination of misfolded proteins in their capacity as chaperones, and display anti-apoptotic activity. The results presented above raised the possibility that PrP aggresomes impair a full cell stress response. In order to examine the impact of PrP aggresomes on the induction of Hsps, we determined the expression of Hsp70. In contrast to many Hsps that are expressed constitutively in cells grown in normal conditions, Hsp70 is synthesized at high levels in mammalian cells only after heat shock and other forms of cell stress [35] . Hsp70 could not be detected by immunoblot analysis immediately following a treatment with a sublethal dose of arsenite in either mock-transfected cells, or cells transiently transfected with EGFP or CyPrP EGFP (Fig. 7A, lanes 1-3,  respectively) . In contrast, Hsp70 was largely induced as soon as 4 h post-stress in mock-transfected cells and EGFP-expressing cells (lanes 4 and 5, respectively), but was barely detected in cells expressing CyPrP EGFP (lane 6). The inhibition of Hsp70 induction was also observed 8 h post-stress, indicating a lasting inhibition of the synthesis of Hsp70. This inhibition was also confirmed by immunofluorescence with antibodies specific for inducible Hsp70 (Fig. 7B ).
Cells producing PrP aggresomes are more sensitive to environmental stress
The assembly of SGs and the synthesis of Hsps are mechanisms designed to help cells to recover from various environmental stresses. The preceding results indicate that PrP aggresomes inhibit a normal cell stress response, suggesting that cells with aggresomes might be more susceptible to stress. To test this hypothesis, N2a transfectants expressing EGFP or CyPrP EGFP were pulsed with increasing doses of arsenite for 30 min, and then allowed to recover in media without arsenite. The cells were fixed after 8 h, and the percentage of cell death was measured by condensed chromatin and fragmented nuclei with Hoechst staining. Fig. 8 shows that basal level of cell death in mock-transfected cells and cells expressing EGFP is between 3 and 5%. In agreement with a previous study [10] , cells expressing CyPrP EGFP displayed higher levels of cell death (Fig. 8) . The level of cell death in CyPrP EGFP -expressing cells compared to mock-transfected cells and EGFP-expressing cells was higher at any concentration of arsenite, except at 4 mM which was lethal in all types of cells.
Discussion
In this study, we have tested the hypothesis that PrP aggresomes induce a cell stress response. Our results demonstrate that PrP aggresomes provoke a PKR-mediated cellular stress response characterized by the phosphorylation of eIF2α and a translational arrest. However, the stress response is only partial since cells do not assemble SGs, and do not induce the synthesis of Hsp70. In addition, cytoplasmic PrP aggregates interact with poly(A) + RNA to form ribonucleoprotein complexes. These mechanisms may not be obligatory lethal per se, but would likely result in premature cell death in the context of an acute environmental stress that would be otherwise dealt with an adequate stress response. To date, the only protein known to induce the aggregation of poly(A) + RNA in the cytoplasm is TIA-1 [42] . A glutamine-rich prion-related domain of TIA-1 is linked to RNA recognition motifs and mediates the assembly of poly(A) + RNA-containing SGs [42] . At present, the mechanism by which PrP aggresomes induce the aggregation of poly(A) + RNA is not known. However, two pieces of evidence suggest that this mechanism is different from TIA-1. First, in contrast to TIA-1, PrP does not possess typical RNA-binding domains including ribonucleoprotein consensus octapeptide sequences that are particularly conserved between RNA-binding proteins [43] [46] . Based on these studies and the present results, it is tempting to propose that interactions between poly(A) + RNA and PrP may be a facilitating if not an essential factor in the conversion of PrP into PrP
Res occurring in the cytosol [8, 47, 48] . However, the possibility that PrP conversion into PrP
Res precedes binding to poly(A) + RNA cannot be excluded.
PrP aggresomes and the cellular stress response
The second major finding of the present work relates to critical alteration of the stress response in cells with PrP aggresomes. These cells can neither assemble SGs, nor induce the synthesis of Hsp70. The direct functional consequence of this is an increased sensitivity to environmental stress, including arsenite-mediated oxidative stress. Hsp70 is thought to prevent aggregation or assist in the refolding of misfolded proteins [49] . There is an abundant literature describing the benefit of Hsp70 on the protection from cell death induced by various noxious stimuli in cultured neurons and in animal models of nervous system injury [50, 51] . Consequently, induction of Hsp70 has been envisaged as a potential strategy in order to treat neurodegenerative diseases [52] . The inhibition of expression of Hsp70 in cells with PrP aggresomes would likely result in enhanced cell vulnerability and/or premature neurodegeneration under environmental stress conditions. Interestingly, Tatzelt et al. [53] reported that scrapie-infected N2a cells do not induce the synthesis of Hsp70 following arsenite or heat shock treatment. This common characteristic between prion-infected cells and cells with PrP aggresomes is remarkable and supports the suggestion that PrP aggresomes may be present in scrapie-infected animals and participate in neurotoxic mechanisms in prion diseases [15] .
Cytoplasmic PrP aggregates and PKR-mediated phosphorylation of eIF2α
Our results reveal that cytoplasmic PrP induces a PKRmediated phosphorylation of eIF2α. The increase in phosphoeIF2α levels attenuates protein synthesis, and may be considered as a protective mechanism aiming at diminishing the load of newly synthesized unfolded PrP. As such, PKR would act as an important modulator of protein synthesis in response to the presence of cytoplasmic PrP aggregates. However, constitutive activation of PKR and phosphorylation of eIF2α are likely to result in cell death [54, 55] . It will be important to address the mechanism of activation of PKR.
Several studies suggest a relationship between activation of PKR and neurodegeneration in Alzheimer's disease [56] [57] [58] , Huntington's disease [59] , and Parkinson's disease [60] . Recently, it was shown that in contrast to Alzheimer's disease, there is no significant phosphorylation of eIF2α in the brain of patients deceased from prion diseases [61] . However, it is possible that phosphorylation of eIF2α occurs in the early stages of the disease only. Time-course studies are possible in animal models of prion diseases and may answer this question. In the same study, the authors did perform a time-course investigation; however, phosphorylation of eIF2α could not be determined because a mouse-specific antibody against phospho-eIF2α was not available.
Cytosolic PrP in the pathogenesis of prion disease
The role of intracellular PrP in the pathogenesis of prion diseases is controversial. Some data argue that accumulation of PrP C in the cytoplasm is associated with neuronal cell death [8, 12, 62] , whereas other reports do not favour the hypothesis that cytoplasmic accumulation of misfolded PrP has neurotoxic consequences [11, 21, 63] . One explanation resides in the use of non-specific or high concentration of proteasome inhibitors. In addition, many studies rely on apoptosis measurements. The toxicity of cytosolic PrP may involve in part apoptoticindependent pathways, including cell necrosis which is rarely investigated. Recently, it was reported that cytoplasmic prion protein aggresomes are present in prion-infected cells and mice, adding new evidence supporting a role of cytoplasmic PrP aggregates in prion diseases [15] . Cytoplasmic PrP aggregates may induce neurotoxic mechanisms through inhibition of the 26S proteasome [64] .
In summary, identification of PrP aggresomes as poly(A) + ribonucleoprotein complexes provides new experimental framework to investigate the mechanism of formation of cytoplasmic PrP aggregates. Furthermore, our findings on the activation of PKR and the inhibition of the cell stress response should prove to be extremely useful for better understanding the biological significance of cytoplasmic PrP aggregates in prion diseases.
